In order to curb the space cooling load in buildings in summer, various passive technologies have been applied on the roofs, including cool paint, roof ventilation, and mass/reflective insulation. It is highly desirable to evaluate the potential benefits of applying these passive technologies on the roofs. In this work, the Complex Fast Fourier Transform (CFFT) method is introduced to predict the ceiling temperature and heat gain of multilayer roofs. A parameter study based on the CFFT model is conducted to investigate the impacts of rooftop surface reflectivity and insulation thickness on the thermal performance of roofs. It is concluded that, compared with the least reflective roofs of solar reflectivity 0.1, increasing the solar reflectivity of roof by 0.1 cuts down the daily heat gain by 4%, 5% and 7% respectively, when the indoor temperatures are set to 25°C, 22°C to 19°C. In addition, increasing the thickness of basic 15-cm unventilated roof by 5 cm contributes to reduce the daily heat gain by 6% on average. The heat gain reductions obtained by applying various passive technologies on roofs subjected to typical Singapore climate are evaluated, including cool paint, roof ventilation, expanded polystyrene (EPS) foam and radiant barrier (RB). The individual uses of the passive roofing technologies contribute to reduce the daily roof heat gain by 36~84%.
Introduction
The geographical location of Singapore is 1° north of the equator having hot and humid climatic conditions throughout the year. In order to maintain thermal comfort inside buildings under this climate, the air-conditioning is widely used and the space cooling load accounts for nearly 40% of the energy use in buildings [1] . The Building Construction Authority (BCA) of Singapore launched a green building master plan in 2006 for the sustainable development, and aimed to turn at least 80% buildings into "green" by 2030 [2] . Both passive and active design strategies have been implemented on green buildings, depending on whether the external mechanical or electrical devices are required. In general, due to the high electricity demand and implementation cost coming along with the active technologies, the passive techniques are more recommended as the primary way to achieve the thermal comfort and building energy saving.
Since a major part of spacing cool load results from the solar heat gain of building envelope, various passive technologies have been applied on the building envelope components, such as the wall, roof, window and door [3] . Among these envelope components, the roof is most exposed to solar radiation, on which the incident solar irradiance can reach up to 1000 W/m 2 under the clear sky conditions [4] . The majority of Singaporeans live in concrete-built, high-rise residential blocks. In order to improve the thermal performance of these residential roofs, it is desirable to evaluate the potential energy savings of integrating the various passive technologies on the concrete roofs under local tropical climate.
In literature, many passive roofing strategies have been designed and implemented to curb the roof heat gain in recent years, such as roof ventilation [5] [6] [7] [8] , cool paint [9] [10] [11] , green roof [12] [13] [14] , and mass/reflective insulation [15, 16] . Despite these studies have demonstrated the potential benefits of using passive roofing technologies, few works were dedicated to evaluate and compare their cost-effectiveness.
In this work, the Complex Finite Fourier Transform (CFFT) method developed by Yumrutas et al. [17] is adopted to predict the transient roof temperature and transmitted heat flux across the multilayer roofs. A parameter study based on CFFT model is conducted to investigate the impacts of surface solar reflectivity, roof insulation thickness, and indoor temperature on the ceiling temperature and daily roof heat gain.
CFFT model
Considering a multilayer roof consisting of N parallel layers, its exterior surface is exposed to the outdoor solar irradiance E(t) and dry-bulb air temperature T o (t), and its interior surface is exposed to indoor temperature T i (t) (as shown in Figure 1 ).
The transient roof temperature at distance x within the nth roof layer is denoted as T n (x, t).The heat flow across the multilayer roof is assumed onedimensional, and the roof is made up of homogeneous material layers. Following , and
and the boundary conditions on the surfaces of each roof layer are
A periodic solution of transient roof temperature is obtained as
The roof temperature is given as 
and the daily roof heat gain per unit area is
The CFFT calculation procedures are implemented in Matlab program [18] . According to building thermal code in Singapore, the coefficients of 16.2 and 6.2 W/m 2 K are adopted for the overall convective and radiative heat transfer at the exterior and interior roof surfaces (h o and h i ), respectively [19] . The physical properties of roofing materials are listed in Table 1 . The computing convergence is achieved when the change in roof temperature in Eq. (6) is smaller than 10 -3 .
Parameter study
In this section, the potential benefit of applying passive roofing technologies on the concrete-based roofs subjected to the typical weather in Singapore is evaluated.
Typical local climate
In order to obtain the typical climatic characteristics, the typical meteorological year (TMY) of Singapore is generated by the Finkelstein-Schafer statistical method [20] , based on the history meteorological data from 1985 to 2009. The monthly-averaged dry-bulb air temperature during 24 hours is shown in Figure 2 , based on the TMY data. It is found that the maximum temperature difference is less than 3°C between the hottest (May) and coolest (December) months. It is reasonable to neglect the monthly changes and assume that the weather conditions are constant throughout a year in Singapore. The weather condition on a single typical weather day (TWD) is thus used to represent the typical climate in Singapore. The TWD is produced by averaging the monthly-averaged solar radiation and dry-bulb air temperature in the 12 months of TMY (as shown in Figure 3 ). In addition, the constant indoor temperature of 25°C is used to represent the indoor condition. 
Impact of the solar reflectivity of rooftop surface
The impacts of rooftop surface solar reflectivity on the ceiling temperature and roof heat gain were studied on two common types of concrete roofs found in residential buildings in Singapore. Type 1 is an unventilated roof consisting of 15-cm concrete roof and 0.5-cm cement plaster. Type 2 is a ventilated roof consisting of 3-cm ferrocement slab, 22-cm air-gap, 15-cm concrete and 0.5-cm cement plaster. The physical properties of roofing materials are listed in Table 1 . 
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All property values are taken from the Singapore Code on Envelope Thermal Performance for Buildings [19] , except: *Greepala et al. [21] , ×Daouas et al. [22] , and **are estimated. The predicted ceiling temperature profiles of the unventilated and ventilated roofs under TWD are plotted in Figures 4(a) and (b) , respectively, with the indoor temperature set at 25°C. It is observed that the increase in rooftop surface solar reflectivity effectively cools down the ceiling of both roof types during daytime. The ceiling temperature reduces by a greater extent in the unventilated roof compared to the ventilated roofs. When the top surface solar reflectivity increases from 0.2 to 0.8, the peak ceiling temperature reduced by 7.2°C in the unventilated roof, whereas in the ventilated roof, the peak ceiling temperature reduces by 2.8°C. The predictions also show that the peak temperature in the unventilated roof appears 2~3 hours later than that in the unventilated roof. This is due to the increased thermal capacity of the ventilated roof. 
Impact of thermal insulation
The impact of concrete layer thickness is studied on the unventilated roofs with a rooftop surface solar reflectivity of 0.64. The predicted ceiling temperature profiles at different indoor temperature settings are shown in Figure 6 . The results show that increasing the concrete thickness of the unventilated roofs from 15 cm to 50 cm lowers the peak ceiling temperature from 33°C at 3 p.m. to 27°C at midnight. It is also observed that the peak ceiling temperatures is postponed when the concrete layer becomes thicker. This may contribute to alleviate the peak electricity demand that typically occurs in the afternoon. However, the cooling effects on ceilings gradually diminish with thicker concrete slab. When the concrete slab thickness grows above 35 cm, the peak ceiling temperature changes less than 1°C and the ceiling temperatures profiles become more flattened. 
Evaluation of various passive technologies
The impact of various passive roofing technologies on reducing the daily roof heat gain are studied as well, including cool paint, roof ventilation, EPS insulation and radiant barrier. The indoor temperature is set at 25°C. (9) cool paint + 3-cm ferrocement + air-gap + RB + 15-cm concrete + 2.5-cm EPS +0.5-cm plaster 68
As listed in Table 2 , a total number of 9 concrete-based roofs are designed for the study. Roof (1) is a typical unventilated roof with 15-cm concrete slab and 0.5-cm cement plaster, and roofs (2)~(9) are combined with at least one of the passive roofing technologies, including the cool paint, roof ventilation (3-cm ferrocement and 22-cm air-gap), 2.5-cm EPS insulation, and radiant barrier.
The daily roof gains of these 9 roofs are predicted using CFFT model. It is found that, compared with typical unventilated roof (1), the individual uses of cool paint, roof ventilation, and 2.5-cm EPS foam on the unventilated roof reduce the daily heat gain by 36%, 45% and 69% on roofs (2)~(4) respectively. Compared with the typical ventilated roof (3), the individual uses of radiant barrier, cool paint, and 2.5-cm EPS foam on ventilated roofs reduce the daily heat gain by 33%, 34% and 63% on roofs (5)~(7) respectively. Compared with the worst-performed roof (1), the largest daily heat gain reduction of 84% is obtained on the roof (9), which is a ventilated roof combined with cool paint, roof ventilation, radiant barrier and 2.5-cm EPS foam.
Conclusions
In this study, the CFFT model is applied to study the impacts of surface solar reflectivity, thermal insulation, and indoor temperature on ceiling temperatures and daily heat gains of both unventilated and ventilated concrete roofs. Compared with the least reflective roofs with solar reflectivity of 0.1, increasing the solar reflectivity by 0.1 contributes to cut down the daily heat gain of both unventilated and ventilated roofs by 4%, 5% and 7% respectively, when the indoor temperatures are 25°C, 22°C to 19°C. Regarding the impact of thermal insulation, the additional uses of every 5-cm concrete slab or 0.13-cm EPS foam on average reduce the daily heat gain reduction by 6% on the basic 15-cm unventilated roof under varying indoor temperatures. The individual uses of the passive roofing technologies contribute to reduce the daily roof heat gain by 36~84%.
